Hyperphosphorylation and aggregation of the microtubule-binding protein tau characterize a diverse array of neurodegenerative disorders. Most of these lack mutations in the encoding MAPT gene, and the role of tau in disease pathogenesis remains controversial. Among these tauopathies is Niemann -Pick type C disease (NPC), a lysosomal storage disorder characterized by progressive neurodegeneration and premature death, most often caused by an inherited deficiency in the intracellular lipid trafficking protein NPC1. To determine the extent to which tau affects NPC pathogenesis, we generated Npc12/2 mice deficient in tau. Unexpectedly, NPC1/tau double null mutants are generated in markedly smaller litters, exhibit an enhanced systemic phenotype and die significantly earlier than NPC1 single null mutants. As autophagy is up-regulated in NPC and protein degradation through this pathway depends on movement along microtubules, we knocked down MAPT expression in NPC1-deficient human fibroblasts and examined effects on this pathway. We show that an acute reduction of tau expression in a cellular model of NPC decreases induction and flux through the autophagic pathway. Our data establish that MAPT deletion exacerbates the NPC phenotype through a mechanism independent of tau protein aggregation and identifies a critical role for tau in the regulation of autophagy in NPC1-deficient cells.
INTRODUCTION
Niemann-Pick type C disease (NPC) is an autosomal-recessive sphingolipid storage disorder characterized by severe, progressive neurodegeneration, hepatosplenomegaly and early death (1) . Most cases are caused by loss-of-function mutations in NPC1 (2), a gene encoding a multipass transmembrane protein that contains a sterol-sensing domain with homology to the regulators of cholesterol metabolism and to the Hedgehog signaling receptor Patched (3) . NPC1 is localized primarily to late endosomes and lysosomes, where it is involved in lipid sorting and vesicular trafficking, and is thought to act as an efflux pump for cholesterol from these compartments (4) (5) (6) (7) . This pathway is essential for the delivery of extracellular, low density lipoprotein-derived cholesterol to the endoplasmic reticulum for esterification and redistribution to other intracellular sites, including the plasma membrane and Golgi apparatus (8) (9) (10) .
NPC has been studied in a number of models, the best characterized and most widely used of which is a mouse model in which a spontaneous insertion of a retrotransposon into exon 9 of the Npc1 gene results in a frameshift and truncation of the NPC1 protein (11) . This model reproduces many aspects of the human disease, including cellular accumulations of cholesterol and glycosphingolipids (12 -14) . NPC1-deficient mice also exhibit systemic pathology including hepatosplenomegaly and develop progressive neurodegeneration characterized by abnormally swollen axons, demyelination (15) , hyperphosphorylation of tau (16) and progressive neuronal loss, most notably of cerebellar Purkinje cells and cortical neurons (17 -19) . These cellular defects are accompanied by behavioral impairments paralleling the neurological and systemic symptoms of the human disorder, including abnormal gait and rotarod performance, cognitive deficits, weight loss and early death (20) .
Children with NPC are among the youngest patients to develop neurofibrillary pathology, similar to that which occurs in Alzheimer's disease and the frontotemporal dementias (21, 22) . In these disorders, the brain accumulates hyper-phosphorylated species of the microtubule-associated protein tau (23) . The tau protein is encoded by six alternatively spliced transcripts derived from the MAPT gene and directly binds microtubules through three or four C-terminal tubulinbinding domains (24, 25) . Experimental evidence suggests that a primary function of tau is to stabilize polymerized microtubules (26) . Hyperphosphorylation dissociates tau from microtubules and allows for its self-aggregation into paired helical filaments (PHFs). These PHFs have the ability to form larger aggregates termed neurofibrillary tangles, a pathological hallmark of many tauopathies, and these or other soluble tau species can act through a toxic gain-of-function mechanism to impair neuronal survival (23) . The diminished association of hyperphosphorylated tau with microtubules also leads to a loss-of-function that is presumably detrimental to neuronal health due to its impact on axonal transport processes (23) ; however, the significance of this mechanism in disease has been uncertain. Emerging data additionally suggest novel roles for tau in the regulation of anterograde and retrograde trafficking, which are separate from microtubule stabilization (27, 28) . Remarkably, mutant mice that lack endogenous tau (Mapt2/2 mice) exhibit no overt phenotype (29) , likely due to functional redundancy with other microtubule-associated proteins. Clearly, our current understanding of the normal function of tau and its role in neurodegenerative diseases is incomplete.
In Npc12/2 mice, tau is hyperphosphorylated at multiple sites in a manner similar to human tauopathies, although neurofibrillary tangles do not form (30, 31) . Cyclin-dependent kinase inhibitors reduce tau phosphorylation and attenuate the phenotype of Npc12/2 mice (32), suggesting a role for tau in disease pathogenesis. However, it remains unknown whether this therapeutic effect is mediated by increased availability of functional tau protein, through decreased formation of toxic tau species or through actions on a different substrate. To define the role of tau in NPC pathogenesis, we generated NPC1 null mice that lack endogenous tau. Here, we show that tau deletion exacerbates the phenotype of NPC mice, resulting in smaller litter sizes, an enhanced systemic phenotype and early death. Furthermore, we demonstrate that tau knockdown in a cellular model of NPC diminishes macroautophagy (hereafter referred to as autophagy), a highly conserved pathway by which cytoplasmic proteins and damaged organelles are sequestered within autophagic vacuoles and targeted to lysosomes for degradation (33) . Prior work has implicated this pathway in the pathogenesis of several neurodegenerative disorders (34 -37) including NPC (38 -40) . Functional autophagy is dependent on trafficking along microtubules (41, 42) , and its impairment is sufficient to cause neurodegeneration in mice (43, 44) . Our data establish that tau deletion exacerbates the NPC phenotype in mice and suggest that impaired autophagy contributes to this effect.
RESULTS

Deletion of endogenous tau exacerbates the NPC phenotype
To determine the extent to which tau pathology affects the NPC phenotype in vivo, we generated NPC1/tau double null mutant mice (Npc12/2; Mapt2/2). The first indication of a genetic interaction between Npc1 and Mapt came from breedings, where we noted the occurrence of significantly smaller litters when both parental genotypes were Npc1þ/2 and Mapt2/2. Although Npc1 heterozygotes deficient in tau generated litters that averaged approximately four pups, the presence of one or two functional tau alleles in both parents resulted in significantly larger litters (Fig. 1A) . This effect was not solely attributable to Mapt deficiency, as Litter sizes (mean+SEM) generated by Npc1þ/2 mice, stratified by parental Mapt genotype. Npc1þ/2 and Mapt2/2 breedings generated fewer pups on average (P ¼ 0.0002 by ANOVA with Newman-Keul's multiple comparison test) than mice with at least one functional Mapt allele (n, number of litters). (B) Npc1 null allele distribution in pups generated by NPC1 haploinsufficient mice, stratified by parental Mapt genotype. The percentage of NPC1/tau double null pups generated by Npc1þ/2; Mapt2/2 breeding was not significantly different from expected (P ¼ 0.2 by x 2 analysis) (n, number of mice). (C) Litter size (mean+SEM) of wild-type (black bar) and Mapt2/2 (white bar) mice. N, number of litters; n.s., not significant (P . 0.05) by unpaired Student's t-test.
Npc1þ/þ; Mapt2/2 mice generated litters that averaged approximately eight pups, similar to wild-type (Fig. 1C) . We considered the possibility that these smaller litters from Npc1þ/2; Mapt2/2 mice resulted from the selective loss of NPC1/tau double null mutant pups. However, an analysis of the Npc1 null allele in pups from Npc1þ/2; Mapt2/2 breedings showed that the percentage of Npc12/2 pups was not significantly different from the expected number when compared with litters from mice with one or two functional tau alleles (Fig. 1B) . These results indicate that small litter size was not due to the specific loss of NPC1/tau double null mutants, but rather suggest that it was attributable to other affects on fertility or fetal survival.
NPC1/tau double null mutants displayed a more severe phenotype than NPC1 single null mutants. Female NPC1 null mutants at 5 weeks of age that were haploinsufficient or deficient in tau weighed significantly less than NPC1 single null mutants ( Fig. 2A, left panel) ; similar findings were observed in animals at 4 and 6 weeks of age (data not shown). Additionally, both male and female double null mutants died significantly earlier. Although NPC1 single null mutants succumbed to disease at 8 -12 weeks in our colony, approximately half of the NPC1/tau double null mutants died by 5 weeks (Fig. 2B and C) . Although age of death exhibited a bimodal distribution, earlier death did not correlate with lower weight or the appearance of systemic features described below. Mice haploinsufficient for Mapt (Npc12/2; Mapt þ/2) also demonstrated this robust shift in the survival curve, establishing that even partial loss of tau expression was detrimental to the survival of NPC mice.
Although the severity of the phenotype displayed by NPC1/ tau double null mutants varied, many of the animals (approximately half) exhibited mild facial dysmorphia (shortened snout), kyphosis ( Fig. 3A ) and an abnormal gait in which mice failed to press their paw pads down while walking ( Fig. 3B and C ). This gait abnormality was present in mice as young as 3 -4 weeks and preceded the occurrence of ataxia in NPC1 null mutants. Additionally, almost all of the double null mutant males that survived to at least 5 weeks developed penile prolapse, a phenotype rarely exhibited by NPC1 single null mutants (Fig. 3D ). This constellation of features, together with effects on weight and survival of double null mutants, demonstrates that tau deletion worsens disease severity in NPC1-deficient mice. Histopathological examination of the brain and liver of NPC1/tau double null mutants compared with NPC1 single null mutants did not reveal exacerbated Purkinje cell loss, axonal pathology, microgliosis or astrogliosis or increased accumulation of lipid-laden macro- 
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Human Molecular Genetics, 2009, Vol. 18, No. 5 phages in the liver (Supplementary Material, Figs S1 and S2), suggesting that cellular dysfunction contributed to the more severe phenotypic abnormalities. Notably, the exacerbation of phenotypes in NPC1/tau double null mutants occurred in the complete absence of tau, excluding tau hyperphosphorylation or PHF formation as mediators of these effects.
Tau knockdown impairs autophagy in NPC1-deficient cells
We next sought for to establish the mechanism by which tau deletion exacerbates the NPC phenotype. We hypothesized that impairment of critical microtubule-dependent processes might underlie the worsened phenotype of double null mutants. Prior work established that NPC1 deficiency increases basal autophagy (40) and that transport along microtubules is required for autophagic protein degradation (41, 42) . We therefore examined whether tau deletion affects autophagy in NPC1-deficient mice and cells.
To monitor the autophagic pathway, we used the microtubule-associated protein 1 light chain 3 (LC3) (45, 46) . This protein is modified from its LC3-I cytosolic form to LC3-II, a lipidated form that migrates more rapidly on SDS -PAGE and is associated with autophagosome formation and the induction of autophagy. Immunohistochemical analysis of livers from 10-week-old mice demonstrated frequent LC3-positive vacuoles, particularly in the peri-portal regions in NPC1/tau double null mutants compared with NPC1 single null mutants and wild-type controls (Fig. 4A ). Both groups of mutant mice showed LC3-positive vesicles in the cerebellum (Supplementary Material, Fig. S3 ), where they accumulated in occasional swollen axons and cell bodies. A similar accumulation of LC3-positive vacuoles has been associated with impaired autophagic flux in several model systems (47) , including those used in the study of lysosomal storage diseases (48 -50) , where decreased autophagosomelysosome fusion results in an increased number of autophagosomes.
These results led us to examine the autophagic pathway in tissue lysates from NPC1 and tau null mutants, using LC3-II and p62 to monitor its activity. Although LC3-II is a robust marker of autophagy induction, p62 can be used to assess autophagic flux. p62 links ubiquitinated proteins to LC3 and is itself incorporated into autophagosomes and degraded upon fusion with lysosomes (51) . Therefore, impaired flux through the autophagic pathway can lead to the accumulation of insoluble p62, as shown in mice in which autophagy is disrupted by genetic deletion of Atg7 (51). The formation of ubiquitin and p62-containing protein aggregates in these autophagy-deficient mice occur through a process that is dependent on p62 (51). In NPC1-deficient mice, western blot analyses demonstrated increased soluble LC3-II in liver (Fig. 4B ) and brain ( Fig. 4C -E) and increased SDS-insoluble p62 in brain ( Fig. 4C-E) . These data are consistent with the previously published findings that NPC1 deficiency in vivo leads to the robust activation of autophagy (38 -40) . Nonetheless, ubiquitinated proteins (18, 22, 39) and insoluble p62 (Fig. 4C -E) accumulate in the brains of NPC1-deficient mice, consistent with the notion that autophagic flux is not sufficient to handle the quantity of proteins targeted for degradation. Situations in which induction and flux are disproportionate to each other may lead to autophagic stress, a possible mediator of cell dysfunction and a precursor to cell death (52) . Similar alterations in LC3-II and p62 expressions were observed in tissue lysates from NPC1 single null mutants as young as 4 weeks (data not shown), prior to phenotype onset, and in NPC1/tau double null mutants.
As the in vivo deletion of tau in NPC mice led to limited changes in autophagic markers (Fig. 4A) , perhaps due to compensatory mechanisms that blunted these qualitative responses in mice, we were prompted to examine the impact of tau on autophagy in an NPC model system that allows for more quantitative analyses following acute changes in tau expression. The acute down-regulation of tau in vitro markedly reduced both autophagic induction and flux in NPC1-deficient cells (Fig. 5) . To reduce MAPT expression, we used pooled, targeted siRNAs to specifically knockdown MAPT in control and NPC1-deficient primary human fibroblasts. This cell type was selected for the analysis as prior studies demonstrated that it expresses all human tau isoforms (53) . Treatment with MAPT siRNAs significantly decreased endogenous MAPT mRNA levels (Fig. 5A) . The reduction of tau in NPC1-deficient fibroblasts, but not in control cells, decreased the amount of LC3-II to levels equivalent to control cells treated with non-targeted siRNA (Fig. 5B ). Our results demonstrate that tau is required for the induction of autophagy in response to NPC1 deficiency, supporting a functional role for tau in regulating the activity of the autophagic pathway in this cellular NPC model.
To independently confirm these results, we sought to determine whether MAPT knockdown decreased flux through the autophagic pathway by measuring the degradation of longlived proteins (54) . This assay provides a quantitative, functional readout of autophagic flux (55, 56) . Control and NPC1-deficient cells were treated with MAPT or non-targeted siRNAs and then labeled for 48 h with 3 H-leucine. Cells were washed and re-fed, and trichloroacetic acid soluble radioactive counts released into the media were measured 24 h after labeling. NPC1-deficient fibroblasts treated with MAPT siRNAs demonstrated significantly lower levels of long-lived protein degradation than cells treated with non-targeted siRNAs (Fig. 5C, right panel) . In contrast, long-lived protein degra- 
GAPDH serves as a loading control. (C-E)
Lysates from the telencephalon (C) and cerebellum (D and E) of NPC1 single null, and NPC1/tau double null mice demonstrate increased levels of LC3-II and SDS-insoluble p62 compared with controls.
960
Human Molecular Genetics, 2009, Vol. 18, No. 5 dation was unchanged in similarly treated control cells (Fig. 5C, left panel) . We conclude that tau is required for the induction of autophagy in response to NPC1 deficiency in primary fibroblasts. In contrast, diminished tau expression in mice or cells possessing functional NPC1 is not sufficient to alter basal autophagy. Trafficking along microtubules is required for efficient protein quality control through processes that include, in addition to autophagy, protein degradation by the ubiquitin -proteasome pathway (57) . To determine whether tau deletion also affected this pathway, we evaluated proteasome function in NPC1 single null and NPC1/tau double null mutants. Liver lysates were isolated and used as a source of active 20S proteasomes. Cleavage of Suc-LLVY-AMC, a substrate for the chymotrypsin-like activity of the proteasome, was unchanged by Npc1 and Mapt genotypes (Fig. 6A) . Similarly, the expression of 20S proteasome subunits was unaltered in single and double null mutants compared with wild-type controls (Fig. 6B) . Additionally, no induction of heat shock proteins, as observed during a stress response, was detected in single or double null mutants (Fig. 6B) . Our analyses support the conclusion that the function of the ubiquitin -proteasome pathway is intact in NPC1/tau double null mutant mice and suggest that tau deletion primarily impairs protein degradation through autophagy in NPC1 deficiency.
DISCUSSION
The tauopathies are a large and diverse collection of neurodegenerative disorders that have in common the accumulation of hyperphosphorylated and aggregated tau species (23, 58) . This group of diseases includes forms of frontotemporal lobar dementia caused by MAPT mutations, establishing a role for tau pathology in human disease (59 -61) . However, most tauopathies, including NPC, lack these mutations, and the contribution of tau to the pathogenesis of these disorders has remained poorly defined. Using NPC as an example of this latter group of disorders, here we show that tau deletion exacerbates the disease phenotype in vivo. Through the gener- ation of NPC1/tau double null mutants, we establish that tau deficiency decreases litter size and survival and worsens the systemic phenotype of NPC1 null mutants. Our findings show that diminishing functional tau has dire consequences in the setting of certain neurodegenerative disorders. Although Mapt2/2 mice exhibit no overt phenotype, our analyses indicate that tau deletion sensitizes mice to the stresses of NPC1 deficiency. We suggest that tau-dependent pathways normally exert a compensatory effect in NPC1 deficiency and that defining these pathways may identify targets where interventions could result in effective treatments. The effects of Mapt deletion on the phenotype of NPC mice are distinct from toxicity mediated by tau protein aggregation, a mechanism that has attracted widespread attention. In contrast to the results reported here, a recent study demonstrated that reduction of endogenous tau partially ameliorates the phenotype of Alzheimer's disease mice (62) , demonstrating that the stresses imposed by the elimination of functional tau do not invariably lead to an exacerbation of a neurodegenerative phenotype. This suggests that both tau loss-of-function and toxic gain-of-function mechanisms modulate disease progression in tauopathies, implying the existence of two distinct subclasses within this large and diverse group of neurodegenerative disorders.
We observed that knockdown of MAPT expression decreases autophagic induction and flux in NPC1-deficient fibroblasts. We conclude that tau contributes to the regulation of autophagy in response to NPC1 deficiency and that loss of functional tau impairs this pathway in fibroblasts. Future studies in neurons are required to confirm the extent to which tau similarly contributes to the regulation of autophagy in the NPC1-deficient nervous system. Our findings build on published data, showing that NPC1 deficiency robustly increases basal autophagy (38 -40) and stimulates flux through the autophagic pathway in a Beclin-1 dependent manner (40) . As diagrammed in Figure 7 , we propose that this induction of basal autophagy acts as a pro-survival response to facilitate recycling of critically required cellular components in NPC1-deficient cells. Tau deletion diminishes this response, perhaps through affects on microtubule-based trafficking. The resulting exacerbation of systemic pathology suggests that tau-dependent processes normally buffer the severity of the NPC phenotype. Our studies have identified a critical role for tau in the regulation of autophagy in NPC1-deficient cells and suggest that other disorders, where autophagy contributes to pathogenesis, may be similarly sensitive to affects of tau deletion. Furthermore, we suggest that alterations in tau mediated by its hyperphosphorylation may similarly act through a loss-of-function mechanism to exacerbate the phenotype of NPC patients.
Our findings point toward the intriguing notion that tau loss-of-function may be more deleterious to the progression of NPC pathology than to the accumulation of hyperphosphorylated tau species. This novel mechanism for modulating the severity of the disease phenotype indicates that new treatment approaches aimed at restoring normal tau function could ameliorate or delay NPC disease progression. Other tauopathies may be similarly affected by tau loss-of-function, suggesting that this approach could prove beneficial in multiple disorders characterized by tau abnormalities. Additionally, our data raise the possibility that allelic differences in tau expression levels may modify the NPC phenotype. There is no established correlation between specific NPC1 mutations and disease age of onset or rate of progression (63) . Furthermore, the severity of the NPC phenotype varies considerably even among siblings sharing the same mutation (64, 65) . These clinical observations suggest the existence of genetic modifiers (66, 67) . The work presented here identifies MAPT as a candidate modifier, a possibility that will be explored in future studies.
MATERIALS AND METHODS
Materials
Human fibroblasts from age-and sex-matched donors were from Coriell Institute for Medical Research (control cells, GM00038C and NPC1-deficient, GM03123A). Mouse samples were from age-and sex-matched BALB/ cNctr-Npc1 m1N /J (Jackson Laboratories stock no. 003092), Mapt tm1(GFP)Kit/ /J (Jackson Laboratories stock number 004779) and wild-type littermates. Mice were backcrossed onto C57BL/6J for five generations; all experimental and control mice were on this same genetic background. LC3 antibody was from Novus Biologicals. GAPDH antibody was from Abcam. Hsp90 antibody was from Santa Cruz. Hsp40 and stress inducible hsp70 antibodies (SPA-812) were from Stressgen. Anti-20S proteasome was from Calbiochem. The p62 (C-terminal) antibody was from American Research Products. Horse radish peroxidase-conjugated secondary antibodies were from Biorad (goat anti-rabbit and goat anti-mouse) and Zymed (rabbit anti-guinea pig). MG132 was Figure 7 . Model of the relationship between NPC1 deficiency, autophagy and tau. Functional deficiency of NPC1 impairs intracellular lipid trafficking and leads to the accumulation of unesterified cholesterol, sphingolipids and complex gangliosides in the late endosomal/lysosomal network. Pathological changes in NPC include progressive neurodegeneration associated with the accumulation of hyperphosphorylated tau (depicted at right). In NPC model systems and patient fibroblasts, defects in lipid transport stimulate a Beclin-1-dependent increase of basal autophagy, which we propose exerts a protective effect by facilitating the re-use of critical cellular components. The deletion of endogenous tau abrogates this response and exacerbates the NPC phenotype. We speculate that similar effects may be triggered by tau hyperphosphorylation, as occurs in NPC patients. 
Cell culture
Fibroblasts were maintained at 378C, 5% CO 2 in MEM with Earle's salts and non-essential amino acids (Gibco), supplemented with 15% fetal bovine serum (Atlanta Biologicals) and 10 mg/ml penicillin, 10 mg/ml streptomycin and 2 mM glutamine (referred to as complete MEM).
SiRNA knockdown of MAPT
Fibroblasts growing in complete MEM were collected using the Reagent Pack Subculture Kit (BioWhitaker), resuspended in Nucleofector solution (human dermal fibroblast Nucleofector Kit, Amaxa) and mixed with 1.5 mg ON-TARGETplus SMART pool human MAPT (NM_016841) siRNA (L-012488-00-0005) or siCONTROL-plus non-targeting pool (D-001810-10-05) (Dharmacon). The suspension was electroporated using the program U-23 on the Amaxa Nucleofector. Cells were plated in six-well dishes, and total RNA was collected 72 h later to measure MAPT mRNA expression by quantitative RT -PCR. Alternatively, cell lysates were collected 72 h after electroporation for western blot.
Gene expression analysis
Total RNA isolated from cells with Trizol (Invitrogen) served as a template for cDNA synthesis using the High Capacity cDNA Archive Kit from Applied Biosystems. Gene-specific primers and probes labeled with a fluorescent reporter dye and quencher were purchased from Applied Biosystems. Quantitative RT -PCR (qPCR) assays were performed using 5 ng aliquots of cDNA. Replicate tubes were analyzed for the expression of 18S ribosomal RNA (rRNA) using a VIC-labeled probe. Threshold cycle (Ct) values were determined by an ABI Prism 7900HT Sequence Detection System, and relative expression levels normalized to rRNA were calculated using the standard curve method of analysis.
Measurement of long-lived protein degradation
Degradation of long-lived proteins was determined as described previously (40) with minor modifications. Cells were pooled after electroporation, seeded in six-well plates in complete MEM for 4 h, washed with HBSS and labeled with 2 mCi/ml 3 H-leucine (Amersham) in complete MEM. After 48 h of labeling, cells were washed with HBSS and incubated in complete MEM supplemented with 2.8 mM leucine. Aliquots of medium were collected at the indicated times and added to 20% TCA, and then BSA was added to a final concentration of 3 mg/ml. All samples were stored at 48C for at least 1 h, and then centrifuged at 10 000g for 5 min at 48C. Supernatants were collected, and pellets were washed twice with cold 20% TCA, and then all supernatants for each sample were pooled and the total radioactivity was measured by scintillation counting. Pellets were dissolved in cell lysis buffer (0.1 N NaOH, 0.1% Na deoxycholate), and radioactivity was measured by scintillation counting. Cells were washed with phosphate-buffered saline (PBS) three times and incubated for 1 h at 378C in cell lysis buffer. An aliquot of the solubilized cells was used to determine the total protein concentration (BioRad), and another aliquot was used to measure the total radioactivity in the cells by scintillation counting. Relative proteolysis was determined by calculating TCA soluble radioactivity in the medium relative to total radioactivity in the well. Relative proteolysis was normalized to protein concentration from the solubilized cells.
Western blot analysis
Cells were harvested, washed with PBS, lysed in RIPA buffer containing cOmplete Protease Inhibitor Cocktail (Roche Diagnostics) and 0.1% b-mercaptoethanol and sonicated. Liver, cerebellar and telencephalon samples were homogenized with the same buffer using a motor homogenizer. Lysates were pre-cleared by centrifugation at 15 000g for 10 min at 48C. For analysis of p62 levels in the pellet, protein concentrations were determined for crude lysates and sample concentrations were normalized. Samples were centrifuged at 15 000g for 10 min at 48C, and pellets were resuspended in 1Â loading buffer. All samples were electrophoresed through either 10% SDS-PAGE or 4 -20% Tris -glycine gradient gels (Cambrex) and then transferred to nitrocellulose membranes (BioRad) using a semidry transfer apparatus. Immunoreactive proteins were detected by chemiluminescence (Perkin-Elmer).
Footprint analysis
Mice were trained to walk across an 83 cm long platform (7 cm wide), until they were able to consistently complete the task by walking down the center of the path. Forepaws and hindpaws were painted maize and blue, respectively, with non-toxic paint and animals walked over white paper to record footprints.
20S proteasome assay
Proteasome activity in mouse liver lysates was determined using the 20S Proteasome Assay Kit, SDS-Activation Format (K-900) from Boston Biochem. Liver was homogenized in sample buffer (2.5 mM Tris -HCl, pH 7.5, 0.1 mM EDTA, pH 8.0, 0.1 mM NaN 3 ), and supernatants were collected after spinning at 15 000g for 30 min at 48C. About 100 mg of soluble protein was added to each well of a 96-well plate and brought to a final volume of 60 ml with sample buffer. SDS-activation buffer was added to all samples and allowed to equilibrate for 5 min at room temperature. Substrate solution (Suc-LLVY-AMC) was then added, and fluorescent AMC counts released every 5 min for 1 h at 378C were measured (excitation wavelength 390, emission filter 510) by an Ascent Fluroskan microplate reader. Each sample had a companion well with the same amount of protein, pre-treated with 1 mM MG132 (a proteasome inhibitor) for 10 min at room temperature to control for non-specific degradation of the substrate. Data represent AMC release per Human Molecular Genetics, 2009, Vol. 18, No. 5 963 minute in samples minus AMC release per minute in companion MG132-treated wells.
Statistics
Statistical significance was assessed by unpaired Student's t-test, analysis of variance (ANOVA) with the NewmanKeul's multiple comparison test or log-rank test, using the software package Prism 4 (GraphPad Software). P-values less than 0.05 were considered significant.
